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Intramuscular triglycerides (IMTGs) have been viewed as an important source of energy during prolonged, rigorous exercise. Froberg and Mossfeldt (9) measured IMTG content before and after exhaustive cross-country skiing for Ͼ4 h in human vastus lateralis (9) . IMTG content was decreased significantly following a single bout of exercise, identifying IMTGs as an important fuel source during prolonged rigorous endurance exercise. Similarly, with chronic endurance training, it is generally believed that there is an increase in reliance on lipolysis of IMTG stores for energy provision within the muscle. Following a 12-wk endurance training protocol, Hurley et al. (14) reported a lower respiratory exchange ratio post-training, coinciding with a decrease in plasma glycerol and free fatty acids following an acute bout of exercise, suggesting a greater reliance toward intramuscular fat stores for energy provision, since exogenous influences were decreased. They also noticed sparing of muscle glycogen and a greater drop in IMTG concentration during acute exercise following training, along with greater stored IMTG posttraining. This suggests an increased reliance on muscle IMTG use with chronic endurance training.
The use of IMTGs during exercise appears to be muscle specific. In Sprague-Dawley rats, following exhaustive swimming, there was a reduction of IMTG content by 48% in the soleus (SOL), a predominantly type I fiber tissue, and a 29% reduction in the red gastrocnemius (RG), a predominantly mixed type I and type IIa fiber (36) . There was no reduction in IMTG content in the white gastrocnemius (WG), almost entirely type IIb and therefore, relying predominantly on glycolysis (36) . Therefore, oxidative SOL and RG have a higher reliance on IMTG during endurance exercise compared with the WG. In human mixed-fiber vastus lateralis, it has been observed that in skeletal muscle from both healthy and obese individuals, ATGL protein content increases with endurance training, whereas there is no change in CGI-58 protein content, suggesting that muscle lipolytic capacity goes up with endurance training (1, 23, 45) . G0S2 has only been measured in skeletal muscles from obese men, and there are no apparent effects of endurance training on G0S2 protein content (1, 23) . However, there have been no studies examining the effects of endurance training on G0S2 protein content in healthy skeletal muscle nor whether there are specific changes in this protein to facilitate the differences in lipolytic capacity observed among muscles with distinctly different metabolic characteristics.
Similarly, no study has examined the effects of endurance training toward a specific change in ATGL or CGI-58 in a spectrum of muscles with varying oxidative capacity and metabolic profiles.
Whereas a definitive role for G0S2 within skeletal muscle has yet to be elucidated, it appears that G0S2 is also present in mitochondria, with the speculation of several possible functions. It appears that G0S2 functions as a proapoptotic protein, binding to Bcl-2 in cells treated with TNF-␣, which in turn, increases mitochondrial membrane potential and cytochrome c release (43) . Alternatively, G0S2 is thought to be a positive regulator of complex V (F 0 F 1 ATPase) under hypoxic-induced environments, increasing oxidative phosphorylation in cell culture (19) . However, this has not been investigated in skeletal muscle. Whereas G0S2 appears to increase ATP production through complex V, it has not been determined whether mitochondrial G0S2 content can be altered with increasing energy demand, such as acute muscle contraction or endurance training.
Therefore, the purpose of our study was to characterize whole skeletal muscle and isolated mitochondrial G0S2 content in response to muscle contraction and endurance training in three skeletal muscles with varying oxidative capacities and metabolic profiles (SOL, RG, and WG). Our specific aims were the following: 1) to determine if endurance training would increase the capacity for lipolysis through alterations in muscle ATGL, CGI-58, and G0S2 protein content; 2) to determine if an acute, electrically stimulated contraction, which induced significant muscle lipolysis in whole muscle (30, 32) , would decrease G0S2 relative to ATGL and CGI-58 to regulate lipolysis acutely; and 3) to examine whether mitochondrial G0S2 content would increase with acute muscle contraction and endurance training to increase energy production.
METHODS

Animals.
Male Sprague-Dawley rats (51-53 days old; Charles River Laboratories, Quebec, Canada) were randomly assigned to either the trained condition or the control condition (n ϭ 10/group); however, one animal was unable to complete the training protocol, leaving the final experiments to an n ϭ 9. All animals were housed in a reverse 12:12 light-dark cycle in the Brock University Comparative Bioscience Facility. All animals had access to ad libitum food and water at all times. All experimental protocols and procedures were approved by Brock University Animal Care and Utilization Committee and conformed to all Canadian Council on Animal Care Guidelines (27) .
Training protocol. Rats randomized into the training group started at 18 m/min for 30 min and by wk 8, were at 25 m/min for 1 h; all training was performed at a 10% incline (5, 7) . Rats were caged in pairs with all cagemates in the same condition (either trained or sedentary). Food intake and body weight were measured weekly. Food intake was calculated using the following equation: food intake ϭ (food provided Ϫ food remaining/2). Rats were housed two/cage.
Anesthesia. Rats were anesthetized by isoflurane inhalant [induced at 5%; monitored between 3 and 5% during in vivo dual-energy X-ray absorptiometry (DXA) scans and surgical procedures].
Determination of lean and fat mass. Three days before euthanasia, fat mass and lean mass were measured using pDEXA SABRE DXA (Orthometrix, White Plains, NY). Under isoflurane anesthesia, rats were placed supine with all limbs stretched onto the DXA and a region of interest (ROI) 10 cm wide ϫ 4 cm long, starting from the proximal heads of the femur, extending cranially toward the thoracic vertebra. All scans were analyzed using specialized software (Host Software version 3.9.4; Orthometrix, White Plains, NY; Scanner Software version 1.2.0). Scans were performed at a speed of 20 mm/s with a resolution of 0.5 ϫ 0.5 mm (16) . Lean mass and fat mass are reported as a percentage of total ROIs.
Sciatic nerve stimulation. Under isoflurane-induced anesthesia, sciatic nerve stimulation was applied to stimulate the left leg, whereas the right leg served as a resting internal control (12, 38) . This stimulus has been established previously to induce a decrease in IMTG content and has been published previously by our lab (30) . Briefly, a small incision was made on the left side, exposing the sciatic nerve, where platinum electrodes were attached, transmitting a pulse stimuli (20 V, 100 ms train duration) once every 3 s for 13 min, followed by a 4-min rest with no stimulation applied, with another 13 min of a pulse stimuli every 3 s.
Muscle excision. Immediately after 30 min sciatic stimulation, the SOL, RG, and WG were removed and immediately snap frozen and subsequently stored in liquid nitrogen from the stimulated leg first, followed by the resting leg. The rats were not fasted before the surgery; therefore, they were in a fed state.
Mitochondrial isolation. Primarily subsarcolemmal mitochondrial isolation has been described previously and characterized for purity in A B Fig. 1 . A: body weights of sedentary compared with trained rats from wk 0 to final body weights at the end of the training protocol (n ϭ 9). Weights were recorded weekly. Data are reported as means Ϯ SE; ␦significant differences between trained and sedentary for each individual week; *main effect for training status. Closed circles, sedentary; open squares, trained. B: lean mass and fat mass (n ϭ 9). Analysis was conducted on the region of interest, which comprised lean mass ϩ fat mass ϩ bone mineral content. Data are reported as means Ϯ SE; *significant differences between trained and sedentary (P Ͻ 0.05). Open bars, sedentary group; closed bars, trained group. DXA, dualenergy X-ray absorptiometry.
our lab by Western blotting for proteins found in other subcellular compartments (30) and adapted from previous studies (15, 28, 39) . Briefly, fresh RG muscle tissue was minced manually on ice. Following mincing, samples were placed in 20ϫ (vol/wt) of solution 1 (100 mM KCl, 40 mM Tris·HCl, 10 mM Tris base, 5 mM MgSO 4, 5 mM EDTA, and 1 mM ATP) and further homogenized in glass potters. Then homogenized, samples were centrifuged at 700 g for 10 min, collecting the supernatant, and spun again at 14,000 g to pelletsuspended mitochondria. The mitochondrial pellet was resuspended in solution 2 (100 mM KCl, 40 mM Tris·HCl, 5 mM Tris base, 1 mM MgSO 4, 0.01 mM EDTA, 1% BSA, and 0.25 mM ATP) and solution 3 (100 mM KCl, 40 mM Tris·HCl, 5 mM Tris base, 1 mM MgSO4, 0.01 mM EDTA, and 0.25 mM ATP) and spun at 7,000 g for 10 min, respectively. Mitochondria were purified with a 60% Percoll (P1644; Sigma-Aldrich, St. Louis, MO) gradient with final resuspension in sucrose and mannitol solution (220 mM sucrose, 70 mM mannitol, 10 mM Tris·HCl, and 0.1 mM EDTA). Samples were then stored in a Ϫ80°C freezer until analysis.
Citrate synthase. The SOL, RG, and WG from the rested (nonstimulated) leg were assayed for citrate synthase (CS) activity from both sedentary and endurance-trained rats to confirm the effectiveness of the training protocol and the oxidative content of the surgical removal of the three muscles, as previously conducted in our lab (22) . Briefly, tissue was homogenized in 1 M K 2HPO4 buffer (pH ϭ 8.1) and underwent two freeze/thaw cycles. In a cuvette, Triton, acetyl CoA, oxaloacetate, and the tissue homogenate were added and free CoA produced, reacted with 5,5=-dithiobis-2-nitrobenzoic acid. All analyses were conducted at 412 nm in an Ultrospec 2100 pro spectrophotometer (GE Healthcare, Baie-D'Urfé, Quebec, Canada) (37) .
Western blotting. SDS-PAGE was performed using 8% (for CGI-58), 10% (for ATGL), or 15% (for G0S2) running gels. Electrophoresis was performed for 85 min at 120 V and transferred onto a 0.45-m polyvinylidene difluoride (PVDF) membrane for ATGL and CGI-58 (Amersham Biosciences, Piscataway, NJ) or a 0.20-m PVDF membrane (Bio-Rad Laboratories, Hercules, CA) for G0S2. Anti-ATGL primary antibody (Cat. no. 2439s; Cell Signaling Technology, Beverly, MA) was diluted at 1:700 l in 5% BSA in Tris-buffered saline-Tween 20 (TBST). Anti-CGI-58 primary antibody (Cat. no. NB110-41576; Novus Biologicals, Oakville, ON, Canada) was diluted at 1:1,000 l in 2% fat-free powdered milk in TBST. As previously described and validated by our lab (41), two antibodies were used for G0S2 incubation: anti-G0S2 at a dilution of 1:2,000 l NH 2 terminus (Cat. no. sc-133424; Santa Cruz Biotechnology, Santa Cruz, CA) and a dilution of 1:2,000 l Internal (Cat. no. sc-133423; Santa Cruz Biotechnology) in 5% fat-free powdered milk in TBST. Band density was determined using ImageJ software (National Institutes of Health, Bethesda, MD). To ensure equal loading, all blots were made relative to Ponceau staining (Sigma-Aldrich) as a loading control, which has been validated as a suitable loading control (8, 34) . Variability in the Ponceau staining was approximately Ͻ15%.
Statistics. Body weights, composition, and food weights were analyzed as a two-way ANOVA for training status ϫ time (week). SOL and RG G0S2 protein content [training status (trained vs. sedentary) ϫ contraction status (rested leg vs. stimulated leg)] were analyzed using a two-way ANOVA with a Student-Newman-Keuls post hoc test on SigmaStat (Systat Software, San Jose, CA). All other statistics were conducted within a given muscle (e.g., SOL, RG, WG) using a Student's t-test (trained vs. sedentary), and graphs were prepared on GraphPad Prism version 5 for Windows (GraphPad Software, San Diego, CA). All graphical representation of Western blot data is made relative to the average of the rested sedentary control so that significance does not change compared with arbitrary units. Significance is reported as P Ͻ 0.05.
RESULTS
Body weights and food intake. Although both sedentary and trained groups increased in size, the sedentary group was consistently heavier than the trained group, from week 1 to 7, with the same initial starting weights (week 0; P Ͻ 0.001; Fig. 1A ). The trained group ate ϳ87.5 g less/cage (i.e., 2 rats)/wk than the sedentary group throughout the duration of the study, starting at the first week (P Ͻ 0.001; Fig. 2 ).
Lean and fat mass. There was a 1.3-fold increase in lean mass in the trained group compared with the sedentary group (P Ͻ 0.001; Fig. 1B ). There was a greater than four-fold decrease in fat mass in the trained group compared with the sedentary group (P Ͻ 0.001; Fig. 1B) .
Citrate synthase. As expected, before training, SOL and RG had similar CS activity, which was two-fold higher than WG. As a result of endurance training, CS activity increased ϳ1.5-fold in all three muscles, such that SOL Ͼ RG Ͼ WG (Table 1) .
ATGL and CGI-58 protein content. There was a 1.3-fold increase of ATGL protein content in the trained SOL muscle compared with the sedentary group (P ϭ 0.02; Fig. 3, top) , a 1.7-fold increase of ATGL protein content in trained RG compared with the sedentary group (P ϭ 0.04; Fig. 3, middle) , and almost a twofold increase in ATGL protein content in trained WG compared with the sedentary group (P ϭ 0.04; Fig.  3, bottom) .
There were no significant differences in CGI-58 protein content due to endurance training compared with the sedentary group in SOL (P ϭ 0.7; Fig. 4, top) , RG (P ϭ 0.7; Fig. 4,  middle) , or WG (P ϭ 0.8; Fig. 4, bottom) .
Whole muscle G0S2 protein content. There were increases in G0S2 protein content in response to training in the SOL and Results are means Ϯ SE in mol · min Ϫ1 · g wet weight Ϫ1 (n ϭ 10). CS, citrate synthase; SOL, soleus; RG, red gastrocnemius; WG, white gastrocnemius (n ϭ 9). *Means are not significantly different (P Ͻ 0.05).
RG. Protein content was assessed both for training status (trained vs. sedentary) and sciatic stimulation (rest vs. stimulated leg). A main effect was observed for training status, with the trained group having a greater G0S2 protein content compared with the sedentary group in both the SOL (P Ͻ 0.001; Fig. 5 , top) and RG (P ϭ 0.005; Fig. 5, middle) , with no main effect observed for sciatic stimulation. There was no difference in G0S2 protein content in the WG in between the trained group and sedentary group (P ϭ 0.9; Fig. 5, bottom) .
Mitochondrial G0S2 protein content. Because there were increases in whole muscle G0S2 in RG, and there was sufficient tissue to extract mitochondria, we examined whether there was any change in mitochondrial enrichment of G0S2 following training and whether this was altered by an acute bout of muscle contraction. There was a main effect for training status, such that there was a twofold increase in G0S2 protein content in mitochondria from trained RG muscle (P ϭ 0.01; Fig. 6 ) compared with mitochondria from sedentary RG muscle, but there were no differences observed with an acute 30-min contraction in either group (P ϭ 0.6).
DISCUSSION
This study is the first to examine the effects of endurance training in several metabolically different skeletal muscles (SOL, RG, and WG) on the relative protein expression of ATGL and its activator CGI-58 and putative inhibitor G0S2. The use of rat muscles with varying metabolic profiles allowed us to examine any potential differences in fiber type, as the SOL is primarily a type I (slow oxidative) fiber tissue and depends heavily on fat use (84% type Ia, 7% type IIa, and 9% type IIb/x), the RG is representative of mostly a mix of type I and type IIa fibers that are also highly oxidative (51% type Ia, 35% type IIa, and 14% type IIb/x), and the glycolytic WG is almost entirely type IIb fibers (0% type Ia, 0% type IIa, and 100% type IIb/x) (3).
Several novel findings have been identified from this study: 1) ATGL protein increased in all three skeletal muscles in response to training, yet the largest relative increase is in glycolytic WG, which typically relies the least on fat as a fuel source; 2) CGI-58 protein content does not change regardless of skeletal muscle type and training status; 3) whereas there were no changes with acute muscle contraction, whole muscle G0S2 protein is higher following endurance training but only in the SOL and RG, with no change observed in the glycolytic WG; and 4) in subsarcolemmal mitochondria from RG, G0S2 protein is higher in the trained group compared with the sedentary, although there were no observable differences in mitochondrial content of G0S2 with a 30-min contraction.
Effectiveness of training protocol. Our training protocol caused whole-body and muscle adaptations. As expected, the trained group had a higher lean mass and lower fat mass compared with the sedentary group. In confirmation of muscle oxidative capacity, CS activities increased in SOL, RG, and WG muscles, as previously observed with training (21) .
The sedentary group weighed significantly more compared with the trained group consistently throughout the training after the first week. This appeared to be due to both a higher energy expenditure and lower energy consumption. One possibility is that the daily rigorous exercise suppressed the appetite of the endurance-trained group. It has been observed in human adult men that there was a brief appetite suppression after rigorous exercise, which delayed the onset of feeding, such that repeated daily exercise (such as endurance training) leads to a signifi- cant decrease in energy consumption compared with energy expenditure over time (18) .
ATGL and CGI-58 protein content. We previously demonstrated that ATGL has the greatest expression in SOL (predominantly type I fibers) (3), but to a lesser degree, ATGL is also expressed in the WG (no type I fibers) (3). In this study, ATGL protein content was increased in the trained group compared with the sedentary group, as has been reported before (1, 2, 23, 45) , and this is evident in all three of the muscle types investigated here. However, we observed tissue differences, with strong increases in the RG and SOL and the largest relative increase (approximately two-fold) in the glycolytic WG. This is contrary to previous work that suggested that ATGL was absent in IIb fibers (17) and demonstrates that it can be increased in glycolytic muscle, in addition to more oxidative muscle, probably due to a fiber-type shift toward more oxidative fiber types with a decrease in type IIb fibers [as reviewed by Scott et al. (35)].
CGI-58 protein content was unchanged regardless of training status; this was consistent across all of the studied skeletal muscles. This is consistent with previous work demonstrating that CGI-58 protein content does not change, regardless of training status in mixed human vastus lateralis (1). Thus we have added to this information by demonstrating that regardless of the skeletal muscle metabolic profile (i.e., oxidative vs. glycolytic), CGI-58 protein content is unaltered, not only among muscles with distinctly different metabolic characteristics (41) but also following 8 wk of endurance training in a variety of muscle types.
G0S2 protein content. We are the first to demonstrate that G0S2 protein content increases following training in skeletal muscle, but the effects of training appear to be muscle specific, since G0S2 protein content only increased in the SOL and RG and remains unchanged regardless of training status in the WG. Given the small molecular weight of G0S2 (ϳ15 kDa), we previously determined a protein expression pattern across the SOL, RG, and WG, as well as verified the detection of G0S2 using Western blotting (41) . Through a global G0S2 knockout, we proved specificity of the antibodies, as well as demonstrated a higher amount of G0S2 in SOL compared with WG, which suggests greater G0S2 in the more oxidative tissues (41) . With endurance training, there is increased demand for IMTG lipolysis for energy production (6, 10, 11, 13, 14, 29) , and this is consistent with the observed increase in ATGL protein to facilitate this process. However, contrary to our hypothesis that G0S2 content would decrease to release inhibitory control over ATGL, it increased in the two muscles that rely most heavily on fat oxidation and lipolysis. With the use of the plantaris muscle, we were able to determine IMTG content and that there was an increase in stored muscle lipids with training and no inhibition of lipolysis (as witnessed by the delta of the rested vs. stimulated leg), despite the apparent increase in G0S2 content. Whereas there was not a significant increase in IMTG use, these data demonstrate that despite the increase in G0S2 content, there was no inhibition of lipolysis (32) . This suggests that lipolysis is under more complex regulation by G0S2 and not simply by G0S2 content. It is possible that as the lipolytic capacity increases in RG and SOL, it is also important to increase the potential for inhibition to ensure tighter regulation of fatty acid release to match with the rates of oxidation.
At first glance, our work seems contrary to a previous study in human skeletal muscle that did not observe a change in G0S2 (even with a large increase in ATGL) in the vastus lateralis of obese men following endurance training (23) . However, in obese subjects, there is significantly less type I fibers with a greater proportion of glycolytic fast-twitch fibers (40). Therefore, these results would be closer to what we observed in the WG and underscore the important, specific role for G0S2 in metabolically different muscles that may rely heavily on lipolysis during exercise.
It is possible that G0S2 content in skeletal muscle increases with muscle lipid content, which is normally associated with endurance training in both human and rat muscles (2, 14, 25, 30) . Previous work in heart muscle demonstrated that following physiological heart hypertrophy caused by endurance training, there was no increase in heart G0S2 protein, as well as no increase in cardiac lipid storage (4). This was in sharp contrast to pathological heart hypertrophy caused by aortic banding, where there was an increase in intracardiac triglycerides and diglycerides, as well as an increase in G0S2 protein content (4) .
Interestingly, it has been postulated that ATGL and G0S2 are always bound together (24, 44) ; therefore, an increase in one protein would likely result in an increase in the other. However, we have demonstrated that if this is true, then this does not appear to be a one-to-one stoichiometric relationship, since the WG demonstrated the largest relative increase in ATGL protein content yet no change in G0S2.
Mitochondrial G0S2 content in response to training and contraction. A novel finding from this study is that in isolated RG subsarcolemmal mitochondria, there was higher G0S2 protein content in our trained group compared with our sedentary group, similar to what was observed in whole muscle. However, there was no change in mitochondrial G0S2 content, due to an acute 30-min contraction, in either the trained or sedentary group. Interestingly, we were unable to detect ATGL protein content in these isolated mitochondria, only G0S2, suggesting that it perhaps has a role independent of lipolysis in the purified mitochondrial fraction. Kioka et al. (19) determined that G0S2 interacts with complex V (F 0 F 1 ATPase), positively upregulating ATP production. Whereas we cannot comment on the apoptotic effects of G0S2 (43) , the fact that we were able to detect G0S2 in the mitochondrial fraction would support the argument that it has a role in this organelle, potentially in regulating ATP production during exercise. However, because the mitochondrial content of G0S2 did not change following 30 min of muscle contraction, which would be expected to increase oxidative energy demand immediately, G0S2 does not appear to be moving to the mitochondria to cause acute changes in complex V activity. This suggests that regulation of complex V by G0S2 must be through more complicated mechanisms and not necessarily through changes in mitochondrial G0S2 content.
Perspectives and Significance
In summary, ATGL protein content increases due to endurance training, and the relative increase in ATGL is greatest in the WG, which typically relies more on substrates other than fat for energy Fig. 6 . Mitochondrial G0S2 protein content from both rested and stimulated legs of isolated RG mitochondria in both trained and sedentary groups (n ϭ 9). Data are reported as means Ϯ SE; *significant differences between trained and sedentary (P Ͻ 0.05). Open bar, sedentary-rested groups; light gray bar, sedentary-stimulated groups; black bar, trainedrested group; dark gray bar, trained-stimulated group.
production. However, WG does not support coordination of expression of G0S2 protein content, since the WG is the only one of the three skeletal muscles studied that did not demonstrate an increase in G0S2 protein content, despite the increase in ATGL protein content. Within the SOL and RG and isolated mitochondria from the RG, there were increases in G0S2 protein content due to training; however, there were no acute changes due to electrically stimulated muscle contraction. This suggests, perhaps, that there is a chronic regulation of G0S2 protein content in response to the prolonged stimuli of repeated daily dynamic treadmill exercise. Our study indicates that whereas G0S2 may have inhibitory effects on ATGL (24, 44) and alternate effects within the mitochondria (19, 43) , these specific functions appear to be under more complicated control other than protein content alone, perhaps through post-translational or intracellular mechanisms.
